The neural mechanisms underlying the cellular and behavioral responses to antidepressants are not yet known. Up-regulation of growth factors and adult neurogenesis suggest a role for one or more of these factors in the action of antidepressants. One candidate of interest is vascular endothelial growth factor (VEGF), which was initially characterized for its role in angiogenesis, but also exerts direct mitogenic effects on neural progenitors in vitro. Results of this study demonstrate that VEGF is induced by multiple classes of antidepressants at time points consistent with the induction of cell proliferation and therapeutic action of these treatments. We find that VEGF signaling through the Flk-1 receptor is required for antidepressantinduced cell proliferation. We also show that VEGF-Flk-1 signaling is required and sufficient for behavioral responses in two chronic and two subchronic antidepressant models. Taken together, these studies identify VEGF and VEGF-Flk-1 signaling as mediators of antidepressant actions and potential targets for therapeutic intervention.
D
epression is a pervasive and debilitating disease affecting as many as one in five Americans (1) . The neural mechanisms underlying the pathophysiology of depression and the actions of antidepressants remain unknown. A leading hypothesis of depression suggests that neurotrophic factors and adult neurogenesis play critical roles in mediating the behavioral responses to antidepressants (2, 3) . Previous studies have demonstrated that the trophic factor BDNF is regulated by antidepressants (4) and exerts an antidepressant-like effect in short-term behavioral models of depression (5) . However, BDNF does not underlie the neurogenic actions of antidepressants (6) , and a direct link between growth factor signaling and the behavioral actions of antidepressants has not been identified.
In the current study, we demonstrate that vascular endothelial growth factor (VEGF) is an essential mediator of both the neurogenic and behavioral actions of multiple classes of antidepressants. Originally described as an endothelial cell mitogen and survival factor (7) , recent studies demonstrate neurogenic and neuroprotective effects of VEGF (8) (9) (10) , which influence hippocampusdependent processes, such as learning and memory (11) . VEGF also modulates synaptic transmission (12) , suggesting that the effects of this factor are multifaceted. VEGF signals through two high-affinity receptor tyrosine kinases (Flk-1 and Flt-1) (13, 14) . Flk-1 signaling is most intriguing because this receptor is expressed in the hippocampus by endothelial cells and neural progenitors (15, 16) and has been shown to mediate the mitogenic effects of VEGF in vitro (8) .
Using a combination of approaches, including expression studies, pharmacological inhibitors, and an infusion of recombinant VEGF, in both cellular and behavioral assays of antidepressant activity, we identify VEGF as a critical mediator of antidepressant treatment and a therapeutic target for depression.
Results
Multiple Classes of Antidepressants Increase Hippocampal VEGF Expression. Previous microarray work from our laboratory has shown that VEGF mRNA is up-regulated in the hippocampus 2 h after electroconvulsive seizure (ECS) (17) , a potent stimulator of neurogenesis and a highly efficacious antidepressant. Here we demonstrate that ECS increases the expression of VEGF mRNA in the granule cell layer (GCL) of the hippocampus at 6 ( Fig. 1 A and B) and 24 h after ECS, returning to baseline levels by 72 h (Fig. 1C) . Analysis of VEGF immunoreactivity, determined by ELISA of hippocampus homogenates, demonstrates a strong trend for an increase after 24 h and a significant increase 72 h post-ECS (Fig. 1D) .
Regulation of VEGF by other classes of antidepressants, including specific serotonin (5-HT) or norepinephrine reuptake inhibitors, has not been shown. To address this question, rats were treated with fluoxetine or desipramine for 14 days, at which time the neurogenic effects of antidepressants are observed (18) . Both antidepressants increased VEGF mRNA in the GCL compared with controls (Fig. 1 E and G) and increased VEGF protein in hippocampal homogenates ( Fig. 1 F and H) . Five days of fluoxetine treatment, a time point at which no proliferative effects have been seen, had no effect on VEGF mRNA or protein ( Fig. 1 E and F) .
VEGF Is Required for Antidepressant-Induced Cell Proliferation in the SGZ. One of the most reproducible findings in antidepressant research is that different classes of antidepressants increase hippocampal cell proliferation and neurogenesis (18) (19) (20) , and this effect is thought to contribute, in part, to the actions of antidepressants (3, 18) . Because VEGF is a mitogen for both endothelial cells and neural progenitors, the induction of VEGF by antidepressants could lead to proliferation of multiple cell types in the hippocampus. To address this issue, animals were injected with the mitotic marker BrdU, and immunohistochemical analysis of BrdU ( Fig. 2A) and colabeling with the endothelial cell marker RECA were determined (Fig. 2B) . The total number of BrdU-positive cells in the SGZ was counted to confirm that 14 days of fluoxetine (Fig. 2C) or ECS (Fig. 2D ) increases cell proliferation, including neuronal precursors (18, 19) . The lower baseline in the fluoxetine relative to ECS experiment could be due to the age (1 month older) and/or increased stress of daily injections received by saline animals, both of which reduce cell proliferation (21, 22) . Results demonstrate that chronic fluoxetine administration significantly increases endothelial cell proliferation in the subgranular zone (SGZ) (Fig. 2E ). In addition, we confirm that ECS significantly increases the number of proliferating endothelial cells in the SGZ (23) (Fig. 2F) . Taken together, these results indicate that the time course of antidepressant-induced VEGF expression ( Fig. 1) correlates with the induction of proliferation for both endothelial cells and neural progenitors. The time course after a single ECS is notable because there is a correlation with the time lag (72 h) for VEGF protein and cell proliferation.
To directly examine whether VEGF signaling through the Flk-1 receptor is required for the induction of cell proliferation by antidepressants, we used two selective and potent inhibitors, SU5416 and SU1498 (24, 25) . ECS causes a rapid (3-day; Fig. 2C ) and robust induction of proliferation compared with chemical antidepressants, making it a preferable test system for the initial analysis of Flk-1 inhibitors. SU5416 or vehicle was delivered intracerebroventricularly (i.c.v.) 30 min before one ECS, followed by three daily infusions. SU5416 had no effect on basal cell proliferation, but completely blocked the ability of ECS to induce SGZ proliferation (Fig. 3A) . SU1498 also attenuated ECS-induced proliferation in the SGZ (Fig. 3A) . In contrast, infusion of K252a, a Trk-receptor antagonist (26) , had no effect on ECS induction of SGZ proliferation (Fig. 3A) . Interestingly, there was a trend for attenuation of basal cell proliferation by K252a.
To be certain that i.c.v. cannulations and infusions did not disrupt neurogenesis in the hippocampus, we quantified the percentage of BrdU-labeled cells that coexpressed the early neuronal marker TUJ-1 (Fig. 3B ) in animals receiving SU5416 and ECS treatments compared with controls; Ϸ7-10% of BrdUpositive cells were TUJ-1 positive (Fig. 3C ) 2 h after BrdU injection, consistent with previous reports in naïve animals (16) . No differences were observed across treatment groups, demonstrating that ECS increases the number of newborn neurons in the GCL, and SU5416 infusions block proliferation of neuronal progenitors in addition to other cell types.
To test whether VEGF-Flk-1 signaling is required for chemical antidepressant-induced proliferation, animals received 14 days of antidepressant or vehicle injections, and SU5416 or vehicle was infused i.c.v. on alternate days for the last week of treatment (days 8, 10, 12, and 14) . This paradigm was chosen to minimize the number of SU5416 infusions and still provide sufficient blockade of Flk-1 signaling during the time period when induction of cell proliferation occurs [i.e., between 7 and 14 days of fluoxetine treatment (18) ]. Both fluoxetine and desipramine induced a significant increase in BrdU-positive cells in vehicle-infused controls, and SU5416 administration completely blocked the induction of cell proliferation by both antidepressants. There was no effect on basal proliferation in saline-injected animals (Fig. 3D) .
To confirm that VEGF infusions stimulate SGZ cell proliferation (8) and assess the magnitude of this effect quantitatively, recombinant rat VEGF 164 Novelty suppressed feeding (NSF) and chronic unpredictable stress (CUS) are two models that require chronic antidepressant treatment to illicit a behavioral response, consistent with the time course for the therapeutic actions of antidepressants. Moreover, induction of hippocampal cytogenesis is required for antidepressant responses in these behavioral models (3, 27 ). In the current study, we examine whether VEGF-Flk-1 signaling is required for these antidepressant-induced behaviors. For all studies, desipramine was chosen because it produces the most efficacious and reproducible behavioral responses (28) (29) (30) (31) .
For NSF, rats received 3 weeks of desipramine or saline injections and i.c.v. infusions of SU5416 or vehicle on days 12, 15, 18, and 21. Consistent with earlier studies, desipramine reduced the latency to feed in the center of an open field in vehicle-infused rats (32, 33) . Infusions of SU5416 completely blocked the antidepressant effect of desipramine (Fig. 4A ). In contrast, continuous i.c.v. infusions of recombinant VEGF (3 weeks) reduced the latency to feed, an antidepressant-like effect (Fig. 4B ). There were no effects of treatment on home-cage feeding ( Fig. 4 C and D) , confirming that there were no general effects on appetite or feeding.
Another cohort of rats was cannulated and exposed to 4 weeks of CUS [see supporting information (SI) * , P Յ 0.05; ** , P Յ 0.01; ϩ, P Յ 0.1; n.s., P Ͼ 0.1.
vehicle as described for NSF. We confirm that desipramine increases sucrose preference, a well established model of anhedonia (31) , and demonstrate that SU5416 infusions completely block this effect (Fig. 4E) . There was no effect of SU5416 in saline-injected controls ( Fig. 4E ) and no effects on water consumption during the test (Fig. 4F ).
VEGF Also Mediates Subchronic Antidepressant Behavioral Responses.
The learned helplessness (LH) and forced swim test (FST) are well established models that are responsive to multiple classes of antidepressants and thereby serve as valuable predictors of antidepressant activity (29, 30, 32, 33) . To test the involvement of VEGF-Flk-1 signaling in these behaviors, a cohort of rats was cannulated and underwent LH training (see Materials and Methods), followed by 6 days of desipramine injections and i.c.v. infusions of SU5416 on the last 3 days. Desipramine decreased the number of escape failures and latency to escape in the active avoidance test, and antidepressants failed to produce a significant effect in SU5416-infused animals (Fig. 5A ).
In FST, infusions of SU5416 (using the same regimen as described for LH) significantly blocked the antidepressant effect of desipramine on immobility (Fig. 5B) . Desipramine also caused a corresponding increase in climbing behavior, consistent with the actions of SNRI antidepressants (34) , and infusions of SU5416 reversed this effect (Fig. 5B ). There were no significant effects of desipramine on swimming behavior (VEH ϩ SAL: 42 Ϯ 1.9; VEH ϩ DMI: 38.2; n ϭ 5-6 per group), also consistent with previous reports (34) .
To determine whether VEGF 164 infusions mimic the action of antidepressants in these behavioral paradigms, rats received continuous infusions of VEGF 164 or vehicle (i.c.v.) for 3 days between LH training and testing. VEGF decreased the number of escape failures in LH (Fig. 5C ) and decreased immobility time in the FST (Fig. 5D) , similar to the actions of antidepressant administration (Fig. 5B ). There were no effects of infusions of either the Flk-1 inhibitor or VEGF on locomotor activity measured at 5-min intervals over a 30-min period, demonstrating that the actions of these agents in the LH and FST are not due to general effects on ambulatory activity [repeated measures ANOVA: Treatment, F (1, 10) ϭ 0.555, P ϭ 0.47].
Discussion
The results of this study identify VEGF as a key mediator of both the cytogenic and behavioral actions of multiple classes of antidepressants. VEGF is induced by specific serotonin and norepinephrine reuptake inhibitor drugs and ECS in a time-dependent fashion, consistent with the induction of cell proliferation and the therapeutic action of antidepressants (35) . Antidepressant induction of VEGF could also block the down-regulation of VEGF in response to stress (40) , which could contribute to blockade of stressinhibition of adult neurogenesis (41). The signaling pathways by which antidepressants induce VEGF expression could involve the cAMP response element binding protein (CREB). Antidepressant treatment increases the function and expression of CREB in the GCL (36) , and the VEGF promoter contains a cAMP response element that is induced by receptor-coupled pathways that activate CREB (37) .
One of the most interesting findings of this study is that chemical antidepressants increase the number of endothelial cells in the adult hippocampus. The time course for the induction of endothelial cell proliferation is similar to that for the induction of neurogenesis, and the corresponding up-regulation of VEGF could mediate the effects of antidepressant administration on the proliferation of both cell types. 5-HT has been reported to induce proliferation of vascular endothelial cells through activation of 5-HT 2 receptors (38), and it is possible that this receptor subtype underlies the actions of fluoxetine. We also confirm that ECS induces endothelial cell proliferation (23) , demonstrating that multiple classes of antidepressant produce this effect.
The up-regulation of VEGF expression suggests that VEGF signaling mediates the proliferative actions of antidepressants, and studies were conducted with VEGF-Flk-1 inhibitors to directly test this hypothesis. The inhibitors and doses were chosen based on their specificity in published cell culture studies (8, 24, 25, (39) (40) (41) . We cannot exclude the possibility that these inhibitors influence targets in addition to Flk-1 [e.g., SU5416 inhibits c-Kit and Ret in other systems (42, 43) ]. However, our use of two structurally dissimilar Flk-1 inhibitors strongly supports the involvement of Flk-1. Results demonstrate that Flk-1 inhibitors produce either a complete (SU5416) or near complete (SU1498) blockade of ECS-induced cell proliferation. The difference between these two compounds could be due to minor differences in the properties of these agents (e.g., effective concentration or availability in vivo). Because of the superior efficacy of SU5416, this inhibitor was used to determine whether VEGF-Flk-1 signaling is necessary for the proliferative action of chemical antidepressants. SU5416 completely blocked the effects of both fluoxetine and desipramine, demonstrating that signaling through Flk-1 is required for the actions of these two major classes of antidepressants. This complete blockade of the antidepressant response also indicates that Flk-1 is required for the antidepressant induction of multiple cell types, including neural progenitors and endothelial cells. At the doses chosen, VEGF-Flk-1 inhibitors did not influence basal rates of cell proliferation, demonstrating that blockade of antidepressant responses is not due to a general reduction of cell proliferation. We also confirm that VEGF infusions produce a robust induction of cell proliferation in the hippocampus (8, 9) . Infusions of K252a, a potent inhibitor of neurotrophic factor receptors (Trk) (44), did not influence ECS induction of cell proliferation, demonstrating the pharmacological specificity of the VEGF-Flk-1 inhibitors.
VEGF Mediates the Behavioral Response to Antidepressant Treatment.
Although it is difficult to model complex human behaviors in rodents, there are a number of behavioral paradigms that measure antidepressant activity, and in the current study we use four well established models. NSF and CUS tests are responsive to chronic antidepressant treatment (3-4 weeks) and have been linked to alterations in hippocampal cytogenesis (3, 27) . We find that VEGF signaling through Flk-1 plays a critical role in mediating responsiveness to desipramine. The results of the current study provide correlative data that VEGF-Flk-1 signaling underlies the neurogenic and behavioral actions of antidepressants, although future studies will be required to demonstrate a causal link. The escape-directed behaviors in LH and FST are valuable predictors of short-term antidepressant activity (34, 45) , and although these actions cannot be explained by induction of neurogenesis, these tests were used to further investigate the effects of VEGF-Flk-1 signaling. Infusion of SU5416 blocks the behavioral action of antidepressants in both of these models, and VEGF infusions mimic the action of an antidepressant. It is interesting that both swimming and climbing, specific serotonin and norepinephrine reuptake inhibitor-responsive behaviors (46) , respectively, are increased by VEGF infusions, suggesting that VEGF is a common mediator for these two classes of per group). * , P Յ 0.05; ** , P Յ 0.01; ϩ, P Յ 0.1; n.s., P Ͼ 0.1.
antidepressants. This possibility is also consistent with the requirement of VEGF signaling in the neurogenic action of both specific serotonin and norepinephrine reuptake inhibitor antidepressants. The mechanisms underlying the actions of VEGF-Flk-1 signaling could include regulation of learning (11) and synaptic activity in the hippocampus (12) , effects that could be important for behavioral responses in LH and FST. In this case, we view the neurogenic and behavioral responses to chronic vs. subchronic treatments as two, possibly parallel indices that we have used to identify VEGF signaling as a novel target of antidepressants. Together, the results of this study establish that VEGF receptor signaling is necessary and sufficient for the neurogenic and behavioral actions of antidepressants, and identify induction of endothelial cell proliferation as an action of chemical antidepressants. It is interesting to speculate that induction of endothelial cell proliferation and even angiogenesis could be important factors for the treatment of some forms of depression that are characterized by vascular abnormalities, particularly in the elderly (47) . The results identify VEGF-Flk-1 signaling as a mediator of antidepressants' responses and suggest new targets for the development of therapeutic interventions.
Materials and Methods
Animals. Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) weighing 175-200 g were pair-housed and maintained in standard conditions with a 12-h light/dark cycle and ad libitum access to food and water. Animal use and procedures were in accordance with the National Institutes of Health guidelines and approved by the Institutional Animal Care and Use Committees. Antidepressant Treatments. ECS was administered via ear-clip electrodes by using a pulse generator (Ugo Basile, Comerio, Italy) (60 mA VEGF mRNA and Protein Detection. For ISH, 14-m-thick coronal brain sections were cut on a cryostat, thaw mounted onto slides, fixed in 4% paraformaldehyde, acetylated, and dehydrated before hybridization. VEGF riboprobe was generated by PCR with genespecific primers as described (17) and verified by sequencing. One microgram of the PCR product was used to make a radiolabeled riboprobe using a T7-based in vitro translation kit (Megashortscript Kit; Ambion, Austin, TX). Sections were hybridized with the riboprobe (2 ϫ 10 6 cpm per section) for 18 h at 55°C. Slides were washed, dried, and exposed to Kodak Biomax film (Kodak IBI, New Haven, CT). National Institutes of Health Image Software was used for analysis. VEGF protein was assessed by ELISA kit according to manufacturer's instructions (R&D Systems, Minneapolis, MN). Total protein concentration was determined by BCA (Pierce Chemical, Rockford, IL).
Bromodeoxyuridine (BrdU) Immunohistochemistry. BrdU (200 mg/kg, i.p.) and rats were perfused with PBS and 10% formalin. Every sixth 40-m-thick section was processed for immunoperoxidase labeling or fluorescent immunohistochemistry exactly as described (49) . For quantification, a modified unbiased stereological procedure was used as described (18) . Sections were coded to ensure that analysis was performed by a blind observer. BrdU-positive cells were counted in the SGZ of the hippocampus on a light microscope under ϫ400 and ϫ1,000 magnification. Cells were included in SGZ counts if the cell was in or touching the SGZ (the layer of cells on the border of the GCL and hilus). If a cell was more than two cell diameters from the GCL, that cell was excluded. Every sixth section was counted throughout the extent of the hippocampus, and the sum was multiplied by 6 to provide an estimate of the total number of BrdU-positive cells in the entire region. In double-labeling experiments, at least 30 BrdU-positive cells were examined by confocal microscopy and z-sectioning (0.5-m steps) to determine whether cells were colabeled with RECA, an antigen that is expressed on the luminal surface of endothelial cells (50), or TUJ-1, a marker of immature neurons.
Behavioral Assays. NSF procedure was performed as described (3, 51, 52) . Rats were food-deprived for 24 h and placed in an open field (76.5 cm ϫ 76.5 cm ϫ 40 cm, Plexiglas) with a small amount of food in the center. Animals explored the open field for 6 min, sessions were videotaped from above, and the latency to feed (specifically, the time it took for the animal to approach and take its first bite of food) was recorded in minutes. n ϭ 5-6 per group]. * , P Յ 0.05; ** , P Յ 0.01; ϩ, P Յ 0.1; n.s., P Ͼ 0.1.
was injected for the duration of the stress to block the effects of the stressors (31) . The stressors used were: cage rotation, light on, light off, isolation, swim stress, cold stress, food or water deprivation, wet bedding, stroboscope, cage tilt, odor exposure, and group housing (see SI Table 1 ). This sequence of stressors has been shown previously to reduce sucrose drinking compared with nonstressed controls (53) , adapted from earlier studies (31, 54) . Beginning on day 28, rats were habituated to a 1% (wt/vol) sucrose solution (for 3 days) to prevent neophobia during testing. On day 31, following 4 h of water deprivation, rats were presented with two bottles containing 1% sucrose or water and allowed to drink for 1 h. Sucrose and water intake were recorded, and this test was performed for 3 consecutive days (days 31-33). Sucrose intake was averaged across experiments. LH was performed as described (48) in custom boxes (MED Associates, St. Albans, VT), in which two compartments with electrified foot-shock floor bars are separated by a retractable door. LH training consisted of 60 inescapable foot shocks (0.8 mA, 15-sec duration, average inner trial interval 45 sec). LH testing, performed on a subsequent day, was a two-way active-avoidance test, consisting of 30 trials (0.65 mA, 15-sec duration, at random intervals averaging 30 sec). The first five trials were FR1 (the rat crosses once to terminate shock), and the subsequent 25 trials were on an FR2 schedule (rat crosses twice to terminate the shock).
For FST, a single testing day was used as has been used in testing chronic antidepressant effects (46) . Rats were placed individually in a clear cylinder (25-cm diameter, 65-cm height) with water at a depth of 45 cm (23-25°C) for 15 min. Sessions were videotaped from the side and scored by using a behavioral sampling technique (55) to assess the primary behavior for each 5-sec interval, resulting in a total of 180 samples per 15-min test. Three behaviors were scored as described (56): (i) climbing, rat is thrashing in an upward motion along the sides of the tank; (ii) swimming, movement across the tank into another quadrant; and (iii) immobility, when the animal made the minimal amount of movement required to stay afloat.
Ambulatory locomotor activity was assessed in clear plastic boxes fitted to automated activity meters (Omnitech Electronics, Columbus, OH) consisting of two parallel rows of photosensors (16 sensors per row, 2.5 cm apart). Locomotor activity was recorded in 5-min bins for a total of 30 min by using Micropro software.
Statistical Analyses. All data are presented as means Ϯ SE. Experiments with two groups were compared with unpaired Student's t test. Experiments with three or more groups were subjected to a two-way ANOVA, followed by the post hoc Bonferroni-Dunn test. Locomotor activity data were analyzed by using the repeatedmeasures ANOVA, with time being the repeated measure. Markings in figures are based on results from t test or Bonferonni-Dunn post hoc tests. Statistical significance was set at P Յ 0.05.
